With recent interest in seeking new biologically inspired devicefabrication methods in nanotechnology, a new biological approach was examined to fabricate Cu nanotubes by using sequenced histidine-rich peptide nanotubes as templates. The sequenced histidine-rich peptide molecules were assembled as nanotubes, and the biological recognition of the specific sequence toward Cu lead to efficient Cu coating on the nanotubes. Cu nanocrystals were uniformly coated on the histidine-incorporated nanotubes with high packing density. In addition, the diameter of Cu nanocrystal was controlled between 10 and 30 nm on the nanotube by controlling the conformation of histidine-rich peptide by means of pH changes. Those nanotubes showed significant change in electronic structure by varying the nanocrystal diameter; therefore, this system may be developed to a conductivity-tunable building block for microelectronics and biological sensors. This simple biomineralization method can be applied to fabricate various metallic and semiconductor nanotubes with peptides whose sequences are known to mineralize specific ions.
T he size and shape of nanocrystals have significant effects on catalytic, optical, and electronic properties (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . To apply nanocrystals as building blocks for practical electronic, magnetic, and optical devices, nanocrystals must be assembled. Although various nanocrystals have been assembled on flat substrates (11) (12) (13) (14) (15) (16) (17) , the self-assembly of nanocrystals on cylindrical nanotube surfaces has also been reported recently (18) (19) (20) (21) (22) (23) (24) (25) . When the coupling strength of overlapped wave functions between neighboring nanocrystals is tuned by compressing the lattice of nanocrystals, the range of tuning the electronic structures is considerable because the overlap depends exponentially on the interdot distance and the size (26, 27) . If nanocrystals can be formed on nanotube geometry in controlled diameters and packing densities, one may be able to produce nanotubes with tunable electronic properties from one type of nanocrystal. Although this type of material is expected to serve as a smart building block to interconnect nanometer-sized electronic components in microelectronics and biological͞chemical sensors, the controls of nanocrystal size and packing density are not straightforward on nanotubes.
Biological systems control mineralizations and nanocrystal synthesis of various metals in exact shapes and sizes with high reproducibility and accuracy (28 -33) . Therefore, it is logical to use biological nanotubes as templates on which to grow monodisperse nanocrystals by biomineralization (20, 23, 34 -38) . Complexation of metals and histidine-containing peptides has been studied extensively because their high affinities to metal ions damage central nervous systems by altering peptide conformations into abnormal forms, and this protein deformation may cause Parkinson's disease and Alzheimer's disease (39) . Therefore, a nanotube form of the sequenced histidinerich peptides has potential to serve as an efficient template for metallic nanotube synthesis, because the specific sequences of peptides mineralize specific metals͞semiconductors to produce highly crystalline nanocrystals (32, 40 -43) . In addition, the peptide conformations and charges on nanotubes, which can be controlled by experimental conditions such as pH, ion concentration, and temperature, determine the size and packing density of nanocrystals (23, 40, 44 -46) . Therefore, the size and packing density of nanocrystals on histidine-rich peptide nanotube surfaces are potentially controlled by simply tuning those experimental conditions. Because metallic nanocrystals in diameters Ͻ10 nm are in the size domain to observe a significant conductivity change by tweaking the nanocrystal size (11, 47, 48) , this system may be developed to a conductivity-tunable nanotube-building block.
By applying this principle, we have mineralized Au nanocrystals on the sequenced peptide [Ala-His-His-Ala-His-His-AlaAla-Asp (HRE)]-functionalized nanotubes, and the packing density of Au nanocrystals was controlled by pH of the growth solution (23) . Although the charge-distribution change of the sequenced HRE peptides by pH change controlled the Au nanocrystal-packing density, the Au nanocrystal size was constant over various pH values, because the conformation of HRE peptide could not be altered by pH change because of the stiffness of HRE peptide backbone (49) .
Here we report Cu nanocrystal growth on the nanotubes functionalized by a histidine-rich peptide, whose sequence is His-Gly-Gly-Gly-His-Gly-His-Gly-Gly-Gly-His-Gly (HG12). The fabrication process is illustrated in Fig. 1 . In brief, the sequenced HG12 peptides were immobilized onto amide groups of the template nanotubes, self-assembled from bolaamphiphile peptide monomers (50) , by hydrogen bonding (Fig. 1a) (51) . Then, the HG12 peptides coordinate Cu(II) as the nucleation site (Fig. 1b) for further Cu nanocrystal growth by reduction of trapped ions (Fig. 1c) . This peptide sequence has been reported to fold into multiple conformations by coordinating Cu ions at various positions, dependent on pH values (39) . Therefore, the HG 12 peptide, immobilized on the nanotube surfaces, has potential to control the size of Cu nanocrystals due to the flexible conformations by way of pH change. Indeed, we observed that the pH change altered the HG12 peptide conformation and the grown Cu nanocrystal size on the nanotube, shown by Fourier transform IR spectroscopy and transmission electron microscopy (TEM). Although the self-assembly of Cu nanocrystals on flat substrates has been studied extensively for microelectronic, sensor, and catalytic applications (7, 52, 53) , this study is a previously uninvestigated example of growing monodisperse and isotropic Cu nanocrystals on the nanotube surfaces by biomineralization.
Materials and Methods
To prepare templates for the Cu nanocrystal coating, bis(N-␣-amido-glycylglycine)-1,7-heptane dicarboxylate molecules (10 mM) were self-assembled into nanotubes in a citric acid͞ NaOH (pH 5.5) solution. Details of this bolaamphiphile peptide monomer synthesis and the nanotube self-assembly have been described (50, 54, 55) . The HG12 peptide was sequenced by Applied Biosystems Peptide Synthesizer 432A and purified by using Beckman 110 HPLC equipped with a C-18 reverse-phase chromatographic column at the Center for Study of Gene Structure and Function, City University of New York. To immobilize the HG12 peptide on the template nanotubes, 50 l of the HG12 peptide solution in buffer was incubated to 100 l of the nanotube solution, and the HG12 peptides were bound on amide sites of the nanotube surfaces by means of hydrogen bonding (Fig. 1a ). The reaction mixture was then stirred slowly for 24 h, the coated nanotubes were washed with deionized water to remove any unbound HG12 peptides, and then centrifuged for 30 min (14,500 rpm) to collect the HG12 peptide-coated nanotubes. The HG12 peptide coating on the nanotubes was confirmed by using a Raman microscope and atomic force microscope (23) . To grow Cu nanocrystals on the HG12 peptide nanotubes, 50 l of 50 mM CuCl 2 solution was added to the peptide nanotube solution to form Cu(II)-HG12 complexes on the nanotubes to create Cu nanocrystal nucleation sites (Fig. 1b) . The concentration of Cu(II) was maintained at a metal-to-ligand ratio of 1:1 [0.0012 mM Cu(II)], and the pH was varied between 4 and 10 to study the pH effect on Cu nanocrystal growth. In all cases, the reaction mixtures were allowed to sit undisturbed overnight under nitrogen to complete Cu-ion immobilization on the nanotubes. The Cu(II) on the peptide nanotubes was then reduced by 50 mol of NaBH 4 to produce Cu nanocrystals (Fig. 1c) . This reduction step was carried out under nitrogen, and the resulting solutions were aged for 24 h after reduction with sodium boronhydride. After 24 h, the nanotubes were washed with nanopure water and then centrifuged twice to remove the excess reducing agent and nanocrystals that were not coated on the nanotubes. The nanotube solutions (3-5 l) were then dropped on TEM grids for further analysis by TEM (model JEOL 1200 EX). Two sets of control experiments were carried out as follows. In the first set, Cu nanocrystals were grown directly on the neat nanotubes at pH 6 with no HG12 peptides coating on the nanotubes. The experimental condition was the same as above except that no HG12 was coated on the nanotubes before incubating Cu ions. In the second set, 50 l of 50 mM CuCl 2 solution was incubated with 50 l of the peptides in buffer solutions of pH 6 and pH 8 under nitrogen in the absence of the nanotubes. These solutions were then reduced by sodium boronhydride and washed in the same procedure as above. These samples were analyzed by TEM.
Results and Discussion
Because the charge distribution of histidine changes dramatically at about pH 6 (56), the HG12 is expected to undergo a significant conformation change below and above pH 6. When Cu nanocrystals were grown on the HG12 peptide nanotubes between pH 4 and pH 6, the Cu nanocrystals were monodisperse and packed in high density as shown in the TEM image in Fig. 2a Left. Inset, a magnified TEM image, shows the isotropic Cu nanocrystal shape at pH 6. In this pH range, the Cu nanocrystals were grown in an average diameter of 10 nm (Fig. 2a Right) , determined by the TEM images. The electron-diffraction pattern of Cu nanocrystals on the nanotubes shows (111) and (220) planes for a face-centered-cubic crystal (Fig. 2a Center) . The diffraction pattern of copper oxide was not observed in Fig. 2a , and the HG12 peptide seems to protect the Cu nanocrystals on the nanotubes from oxidation (52, 53) .
A striking difference in Cu nanocrystal growth was observed when the HG12 peptide nanotubes with Cu(II) were reduced between pH 7 and pH 10. In this pH range, the average diameter of Cu nanocrystals was increased to 30 nm (Fig. 2b Left) . Although the statistical size distribution of Cu nanocrystals in the basic condition is fairly monodisperse in general (Fig. 2b Right), those Cu nanocrystals were less monodisperse than the Cu nanocrystals grown in the pH range between 4 and 6. The electron-diffraction pattern of Cu nanocrystals grown on the HG 12 peptide nanotubes at pH 8 ( Fig. 2b Center) shows that the crystallinity of those Cu nanocrystals is equivalent to the Cu nanocrystals in the acidic condition except for the orientation of nanocrystals, which is more aligned in the acidic condition. The significant difference of electronic structures between the 10-nm Cu nanocrystal-coated nanotube and the 30-nm Cu nanocrystalcoated nanotube was also observed in UV-visible absorption spectra (Fig. 3) . The absorption maximum of the 30-nm Cu nanocrystal-coated nanotube, 620 nm (Fig. 3b) , was shifted to 585 nm for the 10-nm Cu nanocrystal-coated nanotube (Fig. 3a) . This comparison indicates that the Cu nanocrystal size on the nanotubes, controlled by the pH change, alters the electronic property of nanotube.
To confirm that the HG12 peptide plays a role in controlling the size of Cu nanocrystals on the nanotube, we examined a control experiment to grow Cu nanocrystals on the template nanotubes without the HG12 peptide at pH 6 in the same procedure described above. The Cu nanocrystals were grown in much larger sizes, 50 nm in an average diameter, and they were polydisperse, as shown in Fig. 2c Left and Right. The Cu nanocrystals grown without the HG12 peptide are less oriented, as shown in the diffraction pattern (Fig. 2c Center) . The comparison between Fig. 2 a and c indicates that the HG12 peptide on the nanotube certainly regulates the size and the monodispersity of Cu nanocrystals.
Another control experiment was examined to confirm the role of template nanotubes in the Cu nanocrystal growth. This time, we produced Cu nanocrystals in the HG12 peptide solution without the template nanotubes. The TEM image in Fig. 4a shows Cu nanocrystals grown in the HG12 peptide solution at pH 6. The average diameter of Cu nanocrystals was 14 nm grown in the pH 6 growth solution, which is similar to the size of Cu nanocrystals formed on the HG12 peptide nanotubes. But the particle-size distribution of Fig. 4a is more polydisperse than the one observed on the HG12 peptide nanotubes. This comparison indicates that the monodispersity of Cu nanocrystals is regulated by the template nanotubes. When we reported Au nanocrystal growth on the sequenced HRE peptide-coated nanotubes, the regular spacing of the HRE peptide binding on the nanotube was observed to be crucial to control the monodispersity and size of Au nanocrystals (49) . Therefore, it is reasonable that the monodispersity of Cu nanocrystals on the HG12 peptide nanotubes in the lower pH range is also regulated with the same growth mechanism that Cu nanocrystals are grown between the regularly spaced HG12 peptide chains on the nanotubes. When the same nonnanotube experiment was examined at pH ϭ 8, Cu nanocrystals were grown in an average diameter of 50 nm (Fig. 4b) , which shows the trend similar to the Cu nanocrystal size observed on the HG12 peptide nanotubes. In this basic condition, the HG12 peptides were found to aggregate, shown between arrows in Fig. 4b . This observation suggests that the HG12 peptides also aggregate on the nanotubes to induce the larger Cu nanocrystal growth in the higher pH range.
When Au nanocrystals were grown on the sequenced HRE peptide-coated nanotubes, the Au nanocrystal size was unchangeable with pH change because of the rigidity of HRE peptide backbone (49) . Because the size of Cu nanocrystals was changed on the HG12 peptide nanotubes by pH change, it is likely that the HG12 peptide-Cu(II) complex undergoes the conformation change on the nanotubes between the lower pH range and the higher pH range. This conformation change is supported by the report that the free HG12 peptide molecules in aqueous solution formed complexes with Cu(II) and folded into the compact form by means of ligation between histidines and Cu(II) in the lower pH range, whereas the HG12 peptideCu(II) complexes were aggregated in the higher pH range (39, 57) . To confirm that this peptide conformation change by pH change also occurs on the nanotubes, Fourier transform IR spectra of the HG12 peptide-Cu(II) complexes on the nanotubes at pH 6 and pH 8 were compared in in pH 8 (Fig. 5, solid line) , indicating that fewer Cu ions bind the glycine amides in the basic condition (58) . The 1,625 cm Ϫ1 peak is the amide vibration of ␤-sheet conformation of peptide backbone aggregation by hydrogen bonding (57, 60) , and the increase of this IR intensity by increasing pH indicates that the HG12 peptide chains on the nanotubes were aggregated in the higher pH range. The increase of IR intensity at a 1,604 cm Ϫ1 peak by pH increase is due to the formation of intermolecular N(His)-Cu(II)-N(His) bonds between the peptide chains by means of the aggregation (57, 58) . This observation is consistent with the loss of IR intensity at a 1,550 cm Ϫ1 peak, the imidazole side chain vibrational mode of histidine without the Cu(II) ligation, by way of pH increase (61) . Although this vibrational analysis does not reveal the complete Cu growth mechanism vs. pH change on the nanotubes, the combination of this analysis and the control experiments in Fig. 4 strongly supports the hypothesis that the peptide aggregation is one of the major factors controlling the size of Cu nanocrystal. This hypothesis is summarized in Fig. 6 . In the lower pH range, Cu(II) is coordinated with histidines and glycines to fold the HG12 peptides on the nanotubes, and Cu nanocrystals nucleate on the folded peptide chains (Fig. 6 Left) . This folded conformation of the HG12 peptide-Cu(II) complex is adapted from the complex conformation observed in the free suspension (39, 57) . The compacted HG12 peptide chain by folding may also contribute reduction of the aggregation between the regularly spaced peptide chains on the nanotubes. In the higher pH range, intermolecular His-Cu(II)-His bonds are formed between the neighboring aggregated HG12 peptides on the nanotube to nucleate Cu nanocrystals between the HG12 peptide aggregates (Fig. 6 Right) . The peptide configuration in Fig. 6 Right may increase the space to grow Cu nanocrystals, which induces larger Cu nanocrystal growth in the basic condition. The degree of peptide chain aggregation seems not to be uniform on the entire nanotube surface, and the variation in the peptide chain aggregations likely induces the uneven HG12 peptide chain spacing for the Cu nanocrystal nucleation on the nanotubes, which makes Cu nanocrystals less monodisperse in the higher pH range.
In conclusion, Cu nanocrystals can be mineralized in different sizes via the HG12 peptide conformation changes on the nanotubes, controlled by pH values. This system may be developed as smart nanotubes that can tune their electronic properties by simple environmental controls and applied as smart building blocks for microelectronic, sensor, and catalytic applications.
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